Summary: Positron emission tomographic (PET) mea surements of regional cerebral blood flow (rCBF) with intravenously administered 150-labeled water and an adaptation of the Kety auto radiographic model are well suited to the study of functional-anatomical correlations within the human brain. This model requires arterial blood sampling to determine rCBF from the regional tissue radio tracer concentration (Cr) recorded by the to mograph. Based upon the well-defined, nearly linear re lation between Cr and rCBF inherent in the model, we have developed a method for estimating changes in rCBF from changes in Cr without calculating true rCBF and thus without arterial sampling. This study demonstrates A positron emission tomographic (PET) method for measuring regional cerebral blood flow (rCBF) with intravenously administered 150-labeled water (H 2 150) and an adaptation of the Kety autoradio graphic model (Kety, 1960) has recently been de scribed (Herscovitch et aI., 1983) and validated (Raichle et aI., 1983). For several reasons this tech nique is well suited to measuring changes in rCBF during sensory stimulation or task performance. PET measurements of rCBF are made with a scan ning time of 40 s. Such rapid measurements help to ensure a physiological steady state throughout the measurement, whether during rest, sensory stimu lation, or performance of a motor or cognitive task. In addition, the short half-life of 150 (123 s) allows multiple scans to be performed during a single scan ning session because of the low absorbed dose per injection and the brief interscan time (8-10 min)
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Calculation of rCBF from regional radiotracer concentration (Cr), recorded by the tomograph as counts per milliliter of tissue, requires knowledge of the arterial radiotracer concentration as a func tion of time, Ca(t) (Herscovitch et aI., 1983; Raichle et al., 1983) . C a (t) is measured from arterial blood samples obtained every 4-6 s from an indwelling radial artery catheter. Characteristic of the PET I autoradiographic method of blood flow measure-ment is a nearly linear relation between Cr and rCBF (Herscovitch et aI., 1983) . This near linearity implies that the distribution of Cr within the imaged tissue will closely approximate the rCBF distribu tion (Fig. 1) . On this basis, Herscovitch et al. (1983) have suggested that Cr measurements alone may be sufficient for applications when either the regional distribution of blood flow or the regional change in blood flow is the information desired, obviating the need for arterial sampling. For functional brain mapping, the calculation of actual blood flow values may not be required, so long as the changes in rCBF induced by the activation condition are accurately detected, localized, and quantified. By restricting the invasiveness of this technique to an intravenous catheter (for injection of H 2 150), the investigator engaged in functional brain mapping can simplify this methodology and make it more acceptable to patients and normal volunteers. For this purpose we have developed a means of using Cr measurements to accurately estimate true changes in rCBF, based upon the known mathematical relationship between Cr and rCBF.
METHODS
Eight normal volunteers between the ages of 25 and 49 years were studied using the PETT VI tomograph (Ficke et a!., 1982; Te r-Pogossian et a!., 1982; Yamamoto et a!., 1982) . All subjects were prepared in the manner previ ously described (Fox and Raichle, 1984) , including radial artery cannulation. Each subject underwent one 68Gel 68Ga transmission scan for attenuation correction and a series of eight H/50 emission scans for rCBF measure ment.
The initial and final scans, in each subject's series of eight, were control scans performed at rest during visual and auditory deprivation. The remaining six scans were performed during patterned-flash visual stimulation at 1.0, 3.9, 7.8, 15.5, 33.1, and 61.0 Hz. Fox and Raichle (1984) have previously observed that patterned flash in duces large increases in occipital rCBF, and that rCBF in the striate cortex varies with stimulus frequency. This potent stimulus, together with the multiplicity of stimulus rates employed, produced a wide range of changes in blood flow in the striate cortex, quite suitable for com parison of changes in rCBF with the corresponding changes in Cr' To mographic images of both radiotracer concentration and blood flow were reconstructed for each of the 64 scans, employing C/t) and the PET/autoradiographic mathematical model for computing the latter. Whole brain (global) radiotracer concentration (C g ) and whole brain (global) blood flow (gCBF) were determined for each scan by averaging the Cr and the rCBF measurements from all pixels within five slices passing through the cerebral hemispheres (�1O,000 pixels), after removing from the periphery any pixels containing nonbrain structures (Fox and Raichle, 1984) . As fluctuations in C g and gCBF be tween successive scans of the same individual occurred, measurements of the changes in Cr and rCBF induced by
the stimulus would not be accurate unless a correction was made for the C g and gCBF changes (Fox and Raichle, 1984) . This was done by dividing the C g and gCBF of the initial control scan by the C g and gCBF of each subse quent scan to give a pair of correction factors for each scan. Multiplication of every pixel in a scan by the cor rection factor set all C g or gCBF values for a single sub ject equal and thus negated the effect of within-subject C g and gCBF variation. This allowed quantitative com parisons of the relative regional increases in radiotracer concentration and blood flow induced by selective stim ulation, despite any global fluctuations.
For each subject, a region of interest 10.8 x 10.8 mm (4 pixels x 4 pixels) was centered on the area of greatest rCBF change, selected from the scan and slice demon strating the peak CBF response to visual stimulation, the striate cortex (Fox and Raichle, 1984) . Once this region of interest was selected, the same region coordinates were used to obtain a rCBF and a Cr measurement from each scan in the subject's series. Regional responses were expressed as rCBF percentage change (%I:1f) or Cr per centage change (%I:1C) from the initial resting-state scan, after correction for variation in C g or gCBF. The head holding system (Ter-Pogossian et a!., 1982; Raichle et aI., 1983; Fox and Raichle, 1984) ensured that the anatomical site of each coordinate within the PET image remained constant throughout the entire series of scans, permitting pixel-by-pixel calculation of the %I:1C and %l:1f
The PET/autoradiographic equation (Herscovitch et a!., 1983; Raichle et a!., 1983) , describes the relation between local counts per unit weight of tissue recorded by the tomograph and corrected for radioactive decay (C), the radiotracer concentration measured in arterial blood and corrected for radioactive decay [Ca(t)], and blood flow per unit weight of tissue (f). The mathematical operation of convolution is indi cated by *. The equilibrium brain-blood partition coef ficient for water is A. Operationally, the relation between blood flow and tissue radiotracer concentration defined in Eq. I is approximated by the simpler equation,
where a and b are constants determined for each scan using a reduced polynomial regression and multiple matched values of f and C calculated from Eq. I (Raichle et a!., 1983). In this form, the rCBF value (f) for any pixel in a given scan may be readily determined from the corresponding measured value of Cr (C) once the con stants a and b have been calculated.
Equation 2 is written once for an initial control scan and again for the subsequent scan, being compared with the initial scan. The two forms of Eq. 2 are reduced to a single equation and simplified by expressing the pairs of f and C terms (initial and subsequent) as percent change in flow (%I:1f) and percent change in radionuclide con centration (%I:1C), respectively, %!:1j = %I:1 C + %I:1 C --
The terms a, b, andfc are grouped into the term IX, which is assumed constant across the two scans and defined as 
RESULTS
An a of 0.166 ± 0.023 (SD) (range 0.120-0.213) was determined from the eight initial resting-state rCBF measurements and employed in all %;).f est cal culations. Scan constant a had an average value of 3.12 x 10-6 ± 1.35 x 10-6 (range 1.59-4.70 x 10-6). Scan constant b had an average value of 2.64 x 10-2 ± 0.7 x 10-2 (range 1.67-3.90 x 10-2 ). Resting-state CBF within visually responsive cortex (fe) had an average value of 52.74 ± 10.74 mlllOO g/min (range 43.5-74.08 mll100 g/min).
A systematic underestimation of %;).f was found with %;)'C (p < 0.001; paired t test). While the un derestimation was slight for %;)'C values of < 15%, it was progressive, increasing as %;).f increased (Fig. 2) . For example, a %;)'C of 43.2% corre sponded to a true %;).f of 51.0%. The %;).f est proved an accurate estimation of true %;).j, lacking the systematic underestimation found with %;)'C (p not significant; paired t test). The mean absolute error in estimation (%;).f est -%;).f) was 0.6 ± 0.6 with a range of -1.6 to + 2.4% over a range of %;).f from 0.43 to 51.0% (Fig. 2) .
DISCUSSION
The nearly linear relation between Cr and rCBF inherent in the PET/autoradiographic model dic tates that changes in rCBF will be closely approx imated by changes in Cr' When changes are ex pressed as percent changes from initial control mea surements (Eq. 3), it is seen that %;).f equals %;)'C plus an additional fraction of %;)'C stipulated by a. The magnitude of this added term (%;)'C[(%;)'C/100) + I]a) varies directly with %;)'C and a. Thus, %;)'C approximated %;).f most closely for smaller values of %;).j. The utility of the proposed method for estimating %;).f est depends upon the accuracy with which a is estimated when it is not measured, that is, when arterial samples are not obtained. a is calculated from the scan constants a and band fromfe, resting state blood flow in the region of interest. The scan constants vary with administered radiotracer ac tivity, with the arterial blood activity curve [Ca(t)], with the timing of the scanning sequence, and with the tomograph employed. However, the structure of Eq. 4 eliminates any variation in a caused by variation in injected dose. Resting rCBF (fe) is af fected by the normal variation between subjects, by physiological variation over time within the same subject, by the anatomical location of the region of interest, and by methodological error. The variation of a between subjects (SD = 0.023) is sufficiently small that once a representative value of a (a) is obtained for a region of interest, this value is ap plicable across subjects, to data acquired without arterial sampling. Note that this approach requires that a series of scans be performed on normal sub jects to acquire average values of a, b, and fe prior to any noninvasive studies.
Brain regions having the same rate of blood flow necessarily share the same a value. Thus, the a of striate cortex (0.166) is equally applicable to any brain area with the same average resting rCBF (52.7 m1l100 g/min). Selection of the a appropriate to a region of interest can be simplified by the use of a graph of a versus fe' employing average values of the scan constants a (3.12 x 10 -6) and b (2.6 x 10-2 ) (Fig. 3) . When arterial samples are not ob tained, fe in the region of interest is estimated from values of other subjects, and the appropriate a is selected (Fig. 3) . Error in estimating fe produces error in the estimate of a. However, Eq. 5 is rela tively insensitive to a errors. For example, if a value for a of 0.120 (2 SD below a) is substituted for a, then for a %LlC of 43.2%, the %Llf est is 50.6% compared with the original value of 53.5%. It has been our experience that changes in regional blood flow of 40-50% are not readily achieved. In prac tice, most %Llf measurements achieved with PET will be smaller and less subject to error than the rather extreme examples given here.
Variations in C g and gCBF between successive scans of single individuals did occur. Correction of Cr and rCBF for these global variations was per formed prior to the calculation of %LlC, %Llf, and %Llf est to ensure accurate quantitation of the induced regional changes. The effect of gCBF vari ability on fe cannot be corrected for in this manner and is included in the error inherent in the use of a. The activity of the administered radiotracer will directly affect whole brain radiotracer concentra tion (C g ). This C g variation will not affect a, owing to the structure of Eq. 4, and its effect on Cr is negated by the described correction.
The PET/autoradiographic H 2 150 model (Her scovitch et aI., 1983; Raichle et al., 1983 ) allows multiple CBF measurements on a subject within a single scanning session. We routinely perform eight measurements of CBF on each subject. Regional alterations in blood flow due to sensory stimulation or task performance may thus be measured by di rect comparison with the individual's own control measurement. In this repeated measures experi mental design, regional changes in blood flow are the desired data. The results presented here show that %Llf may be closely estimated from %LlC, as %Llf est (Eq. 5) , without calculating true blood flow and therefore without arterial sampling, provided that reliable estimates of a have been obtained pre viously. This adaptation of the PET/autoradio graphic method serves both to simplify its applica tion and to render it more acceptable to the patient or volunteer.
